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Abstract. We observed the nearby early-type spiral galaxy NGC 4594 (M 104, Sombrero galaxy) with the Very Large Array 
at 4.86 GHz, with the Effelsberg 100-m telescope at 8.35 GHz as well as with the Heinrich Hertz Telescope at 345 GHz in radio 
continuum. The 4.86 and 8.35 GHz data contain polarization information and hence information about the magnetic fields: we 
detected a large-scale magnetic field which is to our knowledge the first detection of a large-scale magnetic field in an Sa galaxy 
in the radio range. The magnetic field orientation in M 104 is predominantly parallel to the disk but has also vertical components 
at larger z-distances from the disk. This field configuration is typical for normal edge-on spiral galaxies. The 345 GHz data 
pertain to the cold dust content of the galaxy. Despite the optical appearance of the object with the huge dust lane, its dust 
content is smaller than that of more late-type spirals. 
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1. Introduction 

The early-type spiral galaxy NGC 4594 has a spectacular ap- 
pearance in the optical range with a huge bulge and a promi- 
nent dust lane. It is classified as Sa galaxy at a dis tance of 
D = 8.9 Mpc (i.e. 10" are 0.43 kpc) (For det alJl99fj) . A con- 
spicuous dust lane is obvious in all colour photographs. The 
dust is distributed in a ring (possibly in two rings) with a radi us 
- 170" (7.3 kpc) (e.g. Dett maJ 198ft IWainscoat et all 1 990h . 

The rotation curve of the galaxy shows a very steep rise 
in the central part, with a first maximum at a radius of 10" 
(430 pc), then again rising to an unusually high rotation ve- 
locity of about 350 km /s up to r = 8 kpc ( Rubin et al 
1 19851: Wagner et al.ll989t) . H I line observations of lBaiaia et al. 

showed two ring/spiral arm structures at ±140" (6 kpc) 
and ±170" from the nucleus. Emission from molecular CO gas 
was detecte d only in the inner r ing, at a distance of ±140" from 
the nucleus (Baiai aet alll99ll) . 

However, there are numerous observations that suggest that 
NGC 4594 is a 'normal' spiral galaxy: the ste llar disk re- 
sembles a typical spiral galaxy (Burkhead 1986) which was 
modelled by a two-armed spiral pattern Jvan der Burg & Shand 
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Il98dl . Recently, the thin spiral disk h as been directly revea led 
by the HST (Hubble Heritage Project. Ichristian et all20()3l) . 

Optical studies and a spatial photometric model by 
lEmsellenJ ( fl995T) suggested that not only extinction but also 
light scattering by dust is important in NGC 4594. They con- 
cluded that the galaxy would even appear "dust free" if it had 
been viewed face-on. They further estimated the dust content 
and concluded that significant cold dust should be present in 
NGC 4594 which should be detectable in the mm/sub-mm 
wavelength range. 

Radio continuum observations of NGC 4594 have at first 
shown only the str ong (and variable) central source (e.g. 
Ide Bruvn et aljfl976l) . With improved dynamic range the disk 
emission of NGC 4594 was detecte d feaiaia et aljfl988T> . The 
optical polarization observations of IScarrott et alJ ([1,977) sug- 
gested the existence of large-scale magnetic fields, but these 
were so far not detected in the radio frequency range. 

In view of the contradictory publications about the nature of 
NGC 4594 we decided to make new observations. In this paper 
we present VLA observations at 4.86 GHz and observations 
with the Effelsberg 100-m telescope at 8.35 GHz, both in total 
intensity and in linear polarization. As a result we can trace the 
large-scale magnetic field in NGC 4594. 

We also observed NGC 4594 in the submm range with 
the HHT at 345 GHz in order get information about the cold 
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dust c omponent and compare this with the model of lEmse llem 
lll995l) . 

The observations and data reduction are described in Sect.|2 
and the observational results are presented in Sect. [3] In Sect.|4] 
we discuss the disk thickness, the magnetic field, the cold dust 
and the star formation rates and efficiencies. A summary is 
given in Sect. [5] 

For our analysis we have adopted the commonly assumed 
values for the inclination of the disk as 84° and the position 
angle of the major axis as 90°. All values taken from the lit- 
erature are scaled to the 'new' distance of D = 8.9 Mpc for 
NGC 4594. 

2. Observations and data reduction 

2. 1. Observations with the VLA 

NGC 4594 has been observed in total power and linear polar- 
ization at A6.2 cm with the Very Large Array (VLA) 1 of the 
National Radio Astronomy Observatory in its D-configuration. 
Relevant observational parameters are summarized in Tabled 
We used 3C286 and 3C138 as flux calibrators for the to- 
tal intensity and for the calibration of the polarization angle. 
1243—072 was used as phase calibrator. 

The calibration and data reduction were performed with the 
standard AIPS package at the MPIfR. The data were collected 
in 2 different periods of 8 hours each in April 1995 with 27 
days between the two periods. The calibration and the correc- 
tion for the antenna polarizations had to be done separately 
for both observing periods. The UV data were self-calibrated 
separately in phase and amplitude for both observing periods 
before they were combined. These combined data were again 
self-calibrated in phase and amplitude resulting in maps with 
the natural weighting function. The resulting maps have syn- 
thesized beams with 23" HPBW. The rms noise levels for this 
angular resolution and also for maps smoothed to 30" and 84" 
HPBW are given in TableQ 

2.2. Observations with the Effelsberg 100-m 
telescope 

The Effelsberg A3. 6 cm (8.35 GHz) observations were made 
with a receiver in the secondary focus of the 100-m telescope. 
The single-beam receiver has two channels (RHC, LHC) with 
total-power amplifiers and an IF polarimeter. The bandwidth 
is 1 . 1 GHz, the system noise temperature about 25 K and the 
resolution is 83'.'6. 

We obtained 30 coverages in total of NGC 4594 in February 
and July 2003. Each coverage has a map size of 20' x 15' and 
was scanned along (resp. perpendicular) to the major axis of 
the galaxy with a scanning velocity of 30" /s and a grid size 
of 30". For pointing and focussing we observed regularly the 
source 3C 286. After the observations the pointing was checked 
again on the strong central radio source of NGC 4594 and cor- 
rected if necessary. The flux calibration was also done with 

1 The VLA is a facility of the National Radio Astronomy 
Observatory. The NRAO is operated by Associated Universities, Inc., 
under contract with the National Science Foundation. 



Table 1. Source parameters of NGC 4594 and VLA observa- 
tion details 



Field centre 








B1950 


a?50 = 


12 h 37 m 23!4 






£50 = 


-11°20'55" 




J2000 


02000 


= 12 h 39 m 59?4 






^2000 


= -11° 37' 23" 




Observing period 


April 03, 1995 8 hours 






April 30, 1995 8 hours 




Frequency 


4.8351 GHz 4.8851 GHz 




Bandwidth 




2 x 50 MHz 




Shortest spacing 




73 m 




Longest spacing 




3.4 km 




Synthesized beam 


23" 


30" 


84" 


rms noise (I) [^ijy/b.a.] 


10 


10 


25 


rms noise (PI) [^iJy/b.a.] 


7 


7 


17 



3C 286 according to the flu x values oflBaars et al] i 19771) . All 
coverages were combined JEmerson & Graevdl 1988b . The to- 
tal power map was cleaned for the side lobes of the dirty beam 
of the strong central source. This was not necessary for lin- 
ear polarization. The central source itself is not polarized. Map 
features smaller than the telescope beam appearing in the fi- 
nal maps were filtered out using a Fourier filter technique. The 
final maps were slightly smoothed to an angular resolution of 
84" HPBW leading to an rms noise level of the final maps of 
650 //Jy/beam in total power and 95 /Hy/beam in linear polar- 
ization. 

2.3. Observations with the HHT 

We observed NGC 4594 at A870 um with the Heinrich-Hertz- 
Telescope (HHT) 2 feaars et al J 19991) on Mt. Graham, Arizona 
with the 19-channel bolometer array developed by E. Kreysa 
of the MPIfR. The HPBW of the telescope is ~ 23" at this 
frequency. The central frequency of the bolometer is about 
345 GHz with the highest sensitivity at about 340 GHz. The 
instrument is sensitive between 310 and 380 GHz. 

The observations were made in March 2000 under varying 
weather conditions. To calculate the atmospheric opacity we 
made sky dips regularly. For flux calibration purposes we used 
the planet Saturn, observed regularly during our observing ses- 
sions. 

All maps were observed in the Azimuth-Elevation system, 
by scanning in azimuth and performing data acquisition every 
0.5 s. During the observations, the subreflector was wobbled at 
2 Hz in azimuth with a beam throw between 60" and 120". 
In total we observed 22 coverages of NGC 4594, centered on 
two different positions located 60" east and west of the nu- 
cleus, respectively. The field size of each individual coverage 
was 450" x 320". 

The data reduction of these observations was performed 
with the NIC program of the GILDAS software package. 



The HHT was at that time operated by the Submillimeter 
Telescope Observatory on behalf of Steward Observatory and the MPI 
fur Radioastronomie 
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Fig. 1. Full resolution (HPBW 23" x 23") total intensity map 
of NGC 4594 at A6.2 cm superimposed on the optical pho- 
tograph of the DSS. The contours are 0.03, 0.06, 0.1, 0.15, 
0.3, 1, 6, 20, 50, and 90 mJy/beam. The rms noise in the map 
is 10 ^Jy/beam. The orientation of the 'vectors' gives the ob- 
served electric field rotated by 90°, their length is proportional 
to the observed linearly polarized intensity. The half-power 
beamwidth is indicated in the bottom left corner. 
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Fig. 2. Total intensity map of NGC 4594 at A3. 6 cm ob- 
served with the 100-m Effelsberg telescope, superimposed on 
the optical photograph of the DSS. The contours are 1, 2, 3, 
5, 10, 20,. ..80, 90 mJy/beam. The rms noise in the map is 
0.5 mJy/beam. The orientation of the 'vectors' gives the ob- 
served electric field rotated by 90°, their length is proportional 
to the observed linearly polarized intensity. The half-power 
beamwidth is 84" x 84". 



3. 1. The central radio source 



Additional information about HHT observ ations and the reduc- 
tion can be found in [Pumke et al . (2004). After baseline sub- 
traction and the elimination of spikes in each single bolometer 
channel, the atmospheric noise, which is correlated between the 
19 channels, was subtracted. The maps were gridded, restored, 
converted into the RA-Dec system and finally combined with 
an appropriate weighting. The zero-level of the resulting map 
was checked and carefully adjusted. Map features smaller than 
the telescope beam appearing in the final maps were again 
filtered out using a Fourier filter technique and the map was 
slightly smoothed to 24" HPBW. The rms noise level of the 
final map is about 45 mJy/beam. 



3. Results 

The total intensity map at A6.2 cm in the full resolution 
(HPBW 23" x 23") including the central source is shown in 
Fig. ^ The map is superimposed on an optical photograph 
(DSS) of the galaxy. We see clearly several spur-like features in 
addition to the nuclear source and the extended disk emissio n. 
The agreement with the A20 cm map of B aiaia etaD Jl988l) is 
good. We will discuss this aspect in Sect. 13. 21 

The total intensity map at A3. 6 cm is shown in Fig. [2] also 
with the DSS as grey plot. The map has an angular resolution of 
84". Again, we see the strong central source with some emis- 
sion of the extended disk. 



The nucleus of NGC 4594 was identi fied as a LINER by 
lHeckmanNl980l) . Inside the central 15" iBurkheadlll 19861) de- 
tected an "inner disk". First evidence for a central black whole 
with a mass ~ 10 9 M Q was given by Kormendv ( 1988) which 
could later be confirmed by HST observations ( Korm endv et alJ 
1996). 

With our angular resolution between 23" and 84" HPBW 
(corresponding to 1.0 — 3.6 kpc) we cannot resolve the nucleus 
and its surroundings. Hence, we can only give flux densities for 
the central region at our observed frequencies. 

We fitted a Gaussian to the central source at A6.2 cm and 
find at our epoch a flux density of 56cm = 109 ± 5 mJy. 
Our present va l ue lies within the range of values compiled by 
Ide Bruvn et all ll 19761) . We could not observe any significant 
variations of the relative flux density (~ 1 mJy) between the 
tw o observing periods that were separated by 27 days. 

iBaiaia etalM 988) compiled nuclear flux density values at 
A20 cm for the period 1971-1986. At this wavelength the nu- 
clear flux density remained rather constant between 1971 and 
1980 while it increased in the following 4 years by about 67%. 
The flux density dropped after 1985. Unfortunately, we could 
not find recent flux density values at A6.2 cm in the literature 
to follow the temporal evolution in detail. 

A Gaussian fit to the central source at A3. 6 cm gives a flux 
density of S3. 6cm = 90 ± 10 mJy. 

We also fitted a Gaussian to the central source at A870 /im 
(Fig. described in Sect. I3.4> and got a flux density of 
5870 urn = 230 ± 35 mJy. 



4 



Marita Krause et al.: Radio polarization and sub-mm observations of the Sombrero galaxy (NGC 4594) 




NGC4594 (M104) 



05 00 39 55 

RIGHT ASCENSION (J2000) 



Peak contour (lux = 35245E-04 J V/ BE AM 
Levs z 1.000E-OS*(30,60, 100, 150,250,350) 



Fig. 3. Total intensity map of the disk emission of NGC 4594 
(the central source has been subtracted) at full resolution 
(HPBW 23" x 23") at A6.2 cm superimposed on the optical 
photograph of the DSS. The contours are 30, 60, 100, 150, 250, 
and 350 /iJy/beam. Further notation is as in Fig^ 



3.2. The extended continuum emission 

We subtracted the central source by fitting a Gaussian to the 
peak emission from the map in Fig.Q This allows us to study 
the extended disk component as shown in Fig. [3] The extended 
disk emission shows four maxima along the major axis and 
several spurs at high z-values. The two outer, most prominent 
peaks along the major axis are located at a distance of about 
130" east and 120" west of the nucleus. This is n ear the posi- 
tion of the inner HI 'ring' (r = 144") as found by B aiaia etall 
(1984) and the location of detected molecular gas in NGC 4594 
(r= 140". lBaiaia et alll99"fl) . The peaks at A6.2 cm are further 
in the region of the dust rings and coincide with the peak s in th e 
radio continuum observations at A20 cm (Bai aia etalJ fl988). 
Rather than a ring, they may outline the tangential directions 
of spiral arms in NGC 4594. 

The two additional maxima in the central disk area can 
best be investigated by studying the intensity distribution along 
the major axis. These cuts were made for both, A6.2 cm and 
A20 cm, and are shown in Fig|4] They look very similar with 
only some small differences between the two cuts. The in- 
ner maxima at Aa = ±25" are nearly equally high, indicat- 
ing the same spectral index. The eastern inner maximum has 
an additional structure along the a axis. Also the maxima at 
Aa w ±125" have a similar ratio east and west of the nucleus, 
respectively. 

Integrating the total intensity (without the central source) 
in ellipses leads to an integrated flux density of 6.0 ± 0.5mJy 
at A6.2 cm. The integrated flux density at A20 cm is found to 
be 13.4 mJy jBaiaia et alJll988l) . Hence, the averaged spectral 
index for NGC 4594 is a = 0.68. This value is typical for a 

It may, however, 



synchrotron spectrum (cf. also Sect. I4.2.2t 
still be influenced by missing spacings in both maps and the 
amount of their effect is difficult to estimate. 
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Fig. 4. Brightness profile along the major axis of NGC 4594 
of the A21 cm observations of Bajaja et al. Bai aia et alJ (fl988 ) 
with 30" x 30" (a), and along our map at A6.2 cm smoothed to 
30" x 30" (b). The central source was subtracted in both maps 
before making the profile. 



The spurs at high z-value s seen in both, the A6.2 cm map 
and the A20 cm map (Fig.l in B aiaia et all Jl988l) '). are in simi- 
lar positions, suggesting outflows as a result of central activity 
of NGC 4594. The spurs at A6.2 cm are more pronounced than 
at A6.2 cm,. This may indicate a thermal origin, suggesting that 
Ha emission is involved in the outflow. 



3.3. The polarized emission 

The A6.2 cm data show considerable linear polarization in the 
disk (see Fig. [5ji. In both, the central area and also the outer 
disk region p olarized emission has definitively been detected. 
Baia ia et alJ (fl988) suggested a preliminary detection of linear 
polarization mainly outside the disk along a spur at A20 cm 
with an orientation of the magnetic field along the spur. 

The orientation of the vectors in FigU Fig[5] and Fig. [5] 
gives the orientation of the observed electric field rotated by 
90°, hence roughly the magnetic field orientation (as Faraday 
rotation is small in NGC 4594 (cf. Sect. I4.2.H . (Note that the 
extension of the vectors plotted in the figures is slightly differ- 
ent as we plotted the vectors up to the first contour in each fig- 
ure which corresponds to about 1.7 x er(PI) in FigQand Fig|3] 
but to 3 x cr(PI) in Fig0. The vectors are orientated regularly, 
mainly parallel to the galactic disk. Deviations from the align- 
ment with the disk are seen mainly above and below the disk 
(see also Fig. ^ an d indicate vertical magnetic field compo- 
nents. The lengths of the vectors are proportional to the degree 
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Fig. 5. Full resolution (HPBW 23" x 23") map of the linear 
polarization of NGC 4594 at A6.2 cm superimposed on the 
optical photograph of the DSS. The contours are 20, 30, 40, 
... /iJy/beam. The rms noise in the map is 7 /iJy/beam. The ori- 
entation of the 'vectors' gives the observed electric field rotated 
by 90° as in Fig[fland Fig|3] (only their extension is slightly 
smaller as they are plotted up to the first contour of PI). The 
length of the vectors is proportional to the degree of linear 
polarization which is between 20% and 30% in the region of 
strong linear polarization. The half -power beamwidth is indi- 
cated in the bottom left corner. 

of linear polarization. It is rather high with values between 20% 
and 30%. 

The integrated flux density in polarized emission is 0.9 ± 
O.lmJy. This leads to an averaged degree of linear polarization 
of 15 ± 3% over the whole galaxy. 

The observation at A3. 6 cm with the 100-m Effelsberg tele- 
scope also clearly shows linear polarized emission (Fig.[2]and 
Fig. [6}. Due to the rather low angular resolution of only 84" 
HPBW and the higher frequency we can only detect the main 
polarized regions. The vector orientation suggests good agree- 
ment with those at A6.2 cm. The correction of Faraday rotation 
and the deduced magnetic field orientation will be described in 
Sect. l4~2~Tl 

The degree of linear polarization is only around 10%, most 
probably because of strong beam depolarization due to the 
large beam size. 
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Fig. 6. Linear polarized intensity of NGC 4594 at A3. 6 cm ob- 
served with the 100-m Effelsberg telescope, superimposed on 
the optical photograph of the DSS. The contours contours are 
160, 250, 350, and 450 /iJy/beam. The rms noise in the map 
is 95 /iJy/beam. The orientation of the 'vectors' gives the ob- 
served electric field rotated by 90°, their lengths is proportional 
to the observed linearly polarized intensity. The half-power 
beamwidth is 84" x 84". 



M104 345 GHz 




Fig. 7. Radio continuum map of NGC 4594 at A870^m ob- 
served with the HHT on Mt. Graham. The map is centered 
on the nucleus of NGC 4594, with relative positions given in 
arcsec. The greyscale gives the intensity in mJy/beam. The 
rms noise in the map is 45 mJy/beam at a linear resolution of 
24" HPBW. 



3.4. Dust emission 

We have also observed the radio continuum emission of the 
dust at A870 //m in NGC 4594 as described in Sect. |2] The 
final map is shown in Fig. This map has the original res- 
olution of 24" HPBW and shows no significant emission at 
A870 fjm in the disk of NGC 4594 above the noise level of 
about 45 mJy/beam. At the upper left and right corner of the 
map we see an increase of the noise level at the edge of the 
coverage area. Also smoothing the map to 40" HPBW gives 
no hint to an extended emission at this wavelength in the disk 



NGC 4594. However, Fig.0clearly reveals the emission of the 
nuclear region at A870 fim with Ss7o u m — 230 ± 35 mJy as 
described in Sect. 13.11 Within the central 5" (200pc), a nu- 
clear dust lane with a wea k symmetric counterpart was ob- 
se rved bvlEmselle nj tl995|). This feature was later interpreted 
by Emsellem & Ferruit ( 2000) as a nuclear bar with a projected 
length of > 1.5" (50pc). The dust lane may be at least partly 
responsible for our central dust emission which cannot be re- 
solved by our observations. 
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4. Discussion 

4. 1. Disk thickness 

In order to determine the thickness of the synchrotron emission 
at A6.2 cm we examined the distribution of the radio emission 
perpendicular to the disk pla ne ( i.e. in z-direction ). We applied 
a procedure as described by iDumkeet. alJdl99.4 : we made a 
strip integration of the total intensity (Fig|5Jl in z-direction with 
strips parallel to the major axis east and west of the nucleus and 
a width of 10". We varied the length of each strip parallel to the 
major axis between 50" and 100" up to distance of 170" from 
the nucleus. 

The z-distribution of the total intensity of NGC 4594 does 
not only reflect its disk height but is also affected by inclination 
effects and the beamwi dth of the observati ons. We corrected 
for this as described by Du mke et alJ i 19951) and fitted either a 
Gaussian or an exponential function to the z-distribution, either 
with one component or two components. Least-square fits show 
lowest x 2 values for a single component Gaussian distribution. 

The resultant scale height for the disk thickness of the 
A6. 2 cm radio emission in NGC 4594 is 33" ± 3" ( 1 A± . 2 kpc) 
within r = ±100" (4.3 kpc) (note that the larger value of 3kpc 
given in Krause (2003) refers to the same analysis but assumed 
a larger distance of NGC 4594). The scale height for the lin- 
early polarized emission has about the same value. 

This result differs from the analysis of other spiral galax- 
ies seen ed ge-on, like NGC 891, NGC 3628, NGC 4 565, and 
NGC 5907 toumke & Krausdl993lDumke et alJ2000h . In all 
those galaxies the z-distribution of the radio emission was bet- 
ter described by a two component exponential function with 
very similar scale heights for all these galaxies of 300pc for the 
thin and 1.8kpc for the thick disk. In contrast to those galaxies, 
NGC 4594 has a huge bulge with an elliptical mass distribu- 
tion. The expected z-distribution of a relatively thin layer (the 
disk) inside a nearly spher ical gravitational potential is in fact 
a Gaussian llCombesll99ll) . 

4.2. Magnetic field 

4.2.1 . Faraday rotation and magnetic field structure 

The observed electric vectors are rotated by the Faraday effect. 
The amount of Faraday rotation can be determined by calcu- 
lating the rotation measure RM between different wavelengths. 
Correction of the observed electric vectors according to these 
RMs and rotation by 90° leads to the intrinsic direction of the 
magnetic field in the sky plane. The RM value itself depends 
on the strength of the magnetic field component parallel to the 
line of sight, its sign indicates the direction of this parallel field 
component. 

We determined the RM between A3. 6 cm and A6.2 cm at an 
angular resolution of 84" HPBW, the resolution of the A3. 6 cm 
observations. We determined the RM only for those points for 
which the polarized intensity exceeds 2 times the noise value 
at that wavelength, resp. The calculated RM lies in the range 
between —200 and 200 rad/m 2 with most values between 
— 100 and 100 rad/m 2 . The n7r ambiguity (i.e. the RM value 
that corresponds to a Faraday rotation of n- 180°) between these 



two wavelengths is as high as 1216 rad/m 2 for n=l and hence 
not relevant. This also implies that Ml 04 is Faraday thin at 
both wavelengths. As there are no strange jumps in the RM 
map and the degree of linear polarization is quite similar at 
both wavelengths when smoothed to the same resolution of 84" 
HPB W, we can assume th at the A 2 dependence of the RM is 
valid iSokoloffetalJl998l) . 

We do not see a systematic change of the RM values above 
and below the major axis of NGC 4594 that would indicate a 
systematic change (of the direction) of the line of sight compo- 
nent of the magnetic field above and below the major axis. The 
RM structure looks quite smooth with both, positive and nega- 
tive values on both sides of the galaxy along the major axis. 

We estimated the galactic foreground rotation measure 
towards NGC 4594 by averaging the RM values of back- 
ground sources within a distan ce of 20° from NGC 4594 
( Simard-Normandi n et alJ 1 1 98 ll P. Kronberg, priv. comm.). 
We omitted two very strongly deviating sources as their RM 
values may rather reflect their intrinsic Faraday rotation than 
the galactic RM. The average of the remaining 18 sources is 
—4 ± 15 rad/m 2 . Also within their errors it infers an addi- 
tional rotation at A6.2 cm of at most 5°. We conclude that the 
foreground RM is negligible and that the observed RM is ex- 
clusively associated with NGC 4594. 

The corresponding corrections for Faraday rotation for 
most of the observed electric vectors at A6.2 cm is smaller than 
±22°(|RM| < 100 rad/m 2 ). The corrected vectors, rotated by 
90°, are shown in Fig[8]superimposed on the smoothed A6.2 cm 
total intensity map of the disk emission (the central source has 
been subtracted before smoothing). The vectors give the intrin- 
sic magnetic field orientation in NGC 4594 at the angular reso- 
lution of 84" HPBW. Because of the large beam size compared 
to the angular extent of NGC 4594 and the small signal-to- 
noise ratio of the polarized emission at A3. 6 cm, this correction 
is still quite coarse. Especially the small signal-to-noise ratio 
at A3. 6 cm of < 5 may lead to an uncertainty on position an- 
gle of about 10° for each single data point. Together with the 
(smaller) uncertainty at A6.2 cm the error in each single data 
point in the RM may be even < 100 rad/m 2 . However, the 
smooth appearance of the RM-map and the similarity of the 
observed vectors at A3. 6 cm (Fig[6) with those at the better lin- 
ear resolution at A6.2 cm (Fig0 indicates strongly that the true 
errors in the RM are much smaller. Further, the signal-to-noise 
ratio at A6.2 cm is as large as < 10 , inferring an error on posi- 
tion angle of only < 3°. 

Hence, from Fig|8]we can deduce conclusions for the mag- 
netic field structure in NGC 4594 which are in full agreement 
with the higher resolved map in Fig|5j along the inner galactic 
disk the magnetic field orientation is mainly parallel to the disk 
in the midplane except in the innermost 50". There and gener- 
ally at higher z-values above and below the disk the magnetic 
field has also significant vertical components. 

4.2.2. Magnetic field strength 

We estimated the magnetic field strength in the two regions 
of highest linear polarization east and west of the nucleus at 
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Fig. 8. Smoothed map (HPBW 84" x 84") of the total disk 
emission of NGC 4594 at A6.2 cm superimposed on the optical 
photograph of the DSS. The contours are 50, 100, 250, 500, 
1000, ... /iJy/beam. The orientation of the 'vectors' gives the 
intrinsic magnetic field orientation, their length is proportional 
to the linearly polarized intensity at A6.2 cm. 



| r | ~ 20" to 110" from the values of the A6.2 cm map with 
23" HPBW angular resolution (see Fig.|5|l. The estimation has 
been done under the assumption of energy-density equiparti- 
tion between the energy of the ma gnetic field and cosm ic ray 
electrons with the revised formula ( Beck & Krausel20 05i. The 
revised formula is based on the integration of the energy spec- 
trum of the cosmic -ray protons and not on the integration over 
the radio frequency spectrum which introduces an implicit de- 
pendence on the field strength. We adopt a cosmic ray proton 
to electron ratio of Ko = 100, as in earlier publications. 

The spectral index between A6.2 cm and A20 cm for these 
two regions was estimated to a = 0.73 (east) and a = 0.72 
(west) which is very well in agree ment with the value averaged 
for 74 external galaxies JNiklas et alJI 19971) and not far away 
from the estimated integrated spectral index fo r this galaxy 
(a = .68, see Sect. 13. 2\ . Assuming the values of lNiklas et alJ 
j 19971) for the thermal fraction of 20% at A6.2 cm and 8% 
at A20 cm, we obtain a nonthermal spectral index for both 
regions of about 0.85. The nonthermal degree of linear po- 
larization is found to be 29% (east) and 30% (west). We as- 
sumed (I) a mainly toroidal field configuration plane paral- 
lel to the disk of the galaxy with an inclination of 84° (i.e. 
nearly edge-on) and a line of sight of 9kpc or (II) strong ver- 
tical field components (i = 6°) with a line of sight of 4kpc. 
In both cases the resulting field strengths for both regions 
are 6 ± 1/iG for the total field and 3 ± 1 /iG for the reg- 
ular magnetic field component with a cosmic energy density 
e cr = 1.2 ± 0.3 10 -12 erg cm -3 . The averaged total field 
strength estimated from the integrated intensity at A6.2 cm av- 
eraged over the whole galaxy (without the central source) is 
4 ± 1 /iG with e cr = 0.8 ± 0.3 10~ 12 erg cm" 3 . Hence, the 



magnetic field strengths in NGC 45 94 are in the l ower range of 
those of normal spiral galaxies (e.g. Ki'ause l2~003t lBeckl20 04 ). 

4.3. Morphology: bulge, bar and magnetic field 

From the Hubble Heritage image of NGC 4594 it can clearly 
be seen that NGC 4594 is a galaxy with a thin disk that is struc- 
tured, possibly by sp iral arms, and an enormous halo or bulge 
JChristian et aljEo03l) . There has been a long and controver- 
sial discussion in the literature about the huge spherical bulge 
in NGC 4594. An appealing explanation is that the spherical 
bulge is due to a dissolving bar. Such a dynamical interpre- 
tation of the ring/spiral structure, a dissolved bar a nd possi- 
bly a bulge formation has first been proposed by Ems elleml 

( 1995J. It was already known at that time that the colour of 

I || ■ 

the bulge is about similar to that of the disk (Dettmar 1986). 
Later simulation of galaxy evolutions (e.g. Combes 2000) re- 
vealed that bulges can indeed form by dynamical evolution of 
disks through bars. If a bar extends about up to the corotation 
radius, a ring or tightly wound spiral structure can form. While 
the bar starts to decrease again in the further evolution, the spi- 
ral structure gets less tightly w ound and a spherical bulge may 
evolve. Similar simulations have s uccessfully described e.g . the 
bar/spiral structure of NGC 7331 Jvon Linden et alJl9 96). 

Bars can even form and dissolve severa l times during the 
evolution of a galaxy. iBournaud & Combesl J2002h concluded 
from their galaxy simulations that the pattern speed of the bar 
increases from one bar to the next while the new bar is shorter 
than the previous one. Hence a galaxy may be shifting progres- 
sively to early-types, with massive bulges. As the dissolving of 
a bar is a relatively short-living period compared to the galaxy's 
lifetime, we expect to observe this evolutionary phase only in a 
few number of galaxies. 

We note here, that Emse llem & Ferruitl J20001) found strong 
indications for the existence of a nuclear bar in NGC 4594 in- 
side a radius of 20" from the nucleus. 

The view of NGC 4594 of a 'normal' early type, spiral 
galaxy seen edge-on is further supported by the magnetic field 
structure that we deduced from our observations: the mag- 
netic field orientation is mainly parallel to the galactic disk for 
low z-values but shows also significant vertical components for 
higher z-values (cf. Sect. l4.2.TY Such a configuration has been 
observed for many other (also late -type) galaxie s seen edge-on, 
like e .g. NGC 463 1 JKrausel2003l) . NGC 5775 jTullmann et all 
2000), and recently for NGC 891 (Krause et al., in preparation). 

It is interesting to note that the region of strong polarized 
intensity (cf. Fig. [5] at A6.2 cm, the map with the highest lin- 
ear resolution) is just within the range between the inner and 
the outer Lindb lad resonances: IL R = 20" and OLR = 120 " 
as estimated by Emsellem (1995) and (Emsellem et al. 1996). 
The latter authors separated the rotation velocity in that of 
the disk and the bulge and found a very fast increasing ro- 
tation curve for the disk with velocities of 280 km/s at a ra- 
dius of on ly 6". The velocity in the HI/CO ring/spiral is about 
350 km/s ( Bai aia et alJl 99 1 ), hence the rotation curve between 
the ILR and OLR is rather flat. The strong differential rotation 
in this radial range supports the action of a mean field dynamo 
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fe.g. lRuzmaikin et al.ll9 88) that may be responsible for the ob- 
served uniform magnetic field in NGC 4594. 

In Fig. 13 we see two clear maxima at a radius of only 
about 40" (1.7 kpc) from the nucleus in linear polarization at 
A6.2 cm. This might indicate the existence of another ring or 
a spiral arm structure nearby. It should be possible to reveal 
such a structure by a detailed analysis of the HST images of 
NGC 4594. 

4.4. Cold dust 



The du st distribution in NGC 4594 was studied by lEmselleml 
ill 9951) on the basis of multi-color images. This study used 
multi-Gaussian expansion technique to determine via the op- 
tical depth the mass of the dust. From this modeling they came 
to the conclusion that the major part of the dust (> 85%) should 
be cold (T d < 20 K) and concentrated between 100" and 200" 
distance from the nucleus. This could however not directly be 
observed by Emsellem. 

From the noise level of our 40" HPBW map (rms = 
40 mJy/beam) we estimated that any extended emission in 
the disk of NGC 4594 adds up to a flux density S^cv < 
0.2 Jy. This is significantly smaller than corresponding val- 
ues for other spiral galaxi es like e.g. NGC 4631 (SWo^ = 
3.8 Jv. iDumke et alJl2004 or NGC 3628 (S s7Qfl = 1.9 Jy, 
iDumke et all2003l) . 

We have plotted the upper limit for the flux density at 
A870 pm together with the IRAS values for NGC 4594 at 
AA 25, 60, and 100 pm lYoung et all 19891) in Fig.|9] Also the 
IRAS flux density values of NGC 4594 are rather low com- 
pared to the corres ponding values of the other 17 Sa galaxies 
in the sample of Yo ung et alJ 11989). 

We fitted the FIR-to-mm spectrum with a dust model con- 
sisting of two components of large grains with different temper- 
atures, both with = 2 (see below), similar to the procedure in 
bumkeetal] 12004) for NGC 463 1 . The result is also shown in 
Fig. [9] where the solid curve shows a two-component modified 
Planck spectrum with temperatures of 54 K and 22 K. The loca- 
tion of the maximum of the cold component (and therefore its 
temperature) depends strongly on the data points at A100 pm 
and A870 /im. Since the A870 /im value is an upper limit, we 
can only obtain a lower limit for the temperature of the cold 
component: because of Wien's law, decreasing Ss7o^ would 
lead to a higher fitted dust temperature. Similarly, decreasing 
■Sioo^ would l ea d to a lower fitted temperature. Thus - to really 
obtain a lower limit - we used (S — ^S^ioo/jm (i-e- the lower 
edge of the error bar) as Ss70f_i data point for the temperature 
fit, as it can be seen in Fig.|9] 

This lower limit for the temperature of the cold dust compo- 
nent enables us to roughly estimate an upper limit f or the cold 
dust m ass in NGC 4594. Following the procedure in Emsellem 
ill 9951) . using an average grain size of 0.1 tt m, the grain density 
and emissivity given by iHildebrandl dl983l) for A870 pm with 
= 2 and the relation 
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Fig. 9. The FIR-to-mm spectrum of NGC 4594. The FIR 
data points (IRAS) at AA 25, 60, and 100 pm are taken from 
lYoung et al.l l[l989), the A870 pm value is the upper limit for 
the disk emission from our HHT observations. The solid line 
shows a fit for a standard dust model (two modidied Planck 
curves with = 2). 



where S v is the IRAS flux in mJy at wavelength A (/im), dis- 
tance D (Mpc) and temperature T d (K). With T = 22K, the up- 
per limit for the A870 /im flux infers an upper limit for the cold 
dust mass of 1.2 10 7 Mm. The mass of the 'warm dust' as given 
bv lEmselleml i ll 9951) and corrected for the distance of 8.9 Mpc 
is 1.2 10 6 M Q . Hence, our upper limit for the cold dust mass 
lies well above Emsellem's value for the warm dust and allows 
that more than 85% of the dust mass is indeed cold as inferred 
from Emsellem's light scattering model. 

However, the observation of the cold (T ~ 20K) dust in 
the submm wavelength range is quite difficult because of the 
exponential dependence of the dust mass on the dust temper- 
ature and the observed wavelength (cf. the formula above). 
The expected flux density is much higher at wavelengths be- 
tween A100 and 200 /im. Indeed, the detection of a dust ring 
in NGC 4594 at A 160 pm by Spitzer observations has recently 
been reported bv lBendo et alJ d2004 . 

The total HI mass in NGC 4594 is estimated to be 
3.0 10 8 M^ jBaiaia et all Il984l) and the total H 2 mass is 
4.4 10 8 M Q JBaiaia et alJl99ll) . both corrected for our adopted 
distance of 8.9Mpc. Hence, the total gas mass in NGC 4594 
is 7.4 10 8 M Q . The estimated upper limit for the mass of 
the cold dust is 1.6 % of the total gas mass. This upper 
value for NGC 4594 is equal to the value in the Milky Way 
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JSodroski et alJI 994 and at the lower end of the range esti- 
mated for M 3 1 jNieten et all2005l) . 



4.5. Star formation rates and efficiencies 

As mentioned above, the FIR to submm flux densities of 
NGC 4594 are rather weak compared to ot her galaxies. 
The FIR luminosity of NGC 4594 as given by lYoung et alJ 
Jl989l) and corrected for the distance of 8.9 Mpc is 
L FIR = 1.86 10 9 L Q (respectively 7.1 10 35 W), hence 
log(LFiR/L ) = 9.27. The radio flux density of th e disk of 
NGC 4594 at A20 cm is 13.4 mJy feaiaia et alJll988l) . giving 
a radio luminosity of Li. 49GHz, disk = 1-26 1 20 W Hz -1 . The 
corresponding data point lie s at the low radio lu minositi es of 
the radio-FIR-correlation o flCondon et ail ill 99 lb ando flNiklasI 
J1997I) . In both samples of the radio-FIR relation the total radio 
luminosity has been considered, including the nuclear fluxes of 
the galaxies. If we include the nuclear flux also for NGC 4594, 
the total radio luminosity is Li, 49GHz = 1-08 10 21 W Hz -1 . 
With this radio luminosity, NGC 4594 fits right above the best 
fit line in the radio-FIR correlation diagram of lNiklasldl997t> . 

The molecular gas as derived from CO measurements by 
Bai aia et alJ Jl99ll) (corrected for the distance of 8.9 Mpc) is 
Mh 2 = 4.4 10 8 M©. This leads to a star formation effic iency 
SFEof 4.2 Lq/M© according to the definition of lYoung et alJ 
Jl989l) . The SFE for early-type gala xies does not generally dif- 
fer from those of late-type galaxies (Thro nson et alJ ll989 i ) and 
the value of NGC 4594 is rather but not extremely low. 

The star formation rate SFR can be estimated from 
the Hq, or FIR luminosities which leads for NGC 4594 to 
quite dif ferent v alues. Following the procedure described by 
Thronson et al. (1989) we derive from the H Q flux density 
of ISchweizerT(ll978l) a SFR of M Hct = 0.07 Moyr' 1 for 
D = 8 9 Mpc which is only about 20 - 30 % of the SFR in 
M31 (Walterbos 2000). From the FIR luminosity we derive 
with the formula given by Thro nson et alJ (119891) a SFR of 
Mfir = 1-2 M0yi'~ 1 . The difference between Mh« andMpiR 
may partly be due to the dust that leads to extinction of the H a 
emission. Simultaneously, there may be additional FIR radia- 
tion by a cool 'cirrus' component that does not come from star 
formation but from dust heated by the general interstellar radi- 
ation field. Furthermore, the FIR emission includes the nuclear 
emission as well. Its contribution in the (submm) range is more 
than 50 % and may be similar in the FIR. 

According to iNiklas & Beckl lll997h the SFR scales with 
the equipartition magnetic field strength as SFR oc b 2 92±o.70 
The averaged equipartition magnetic field stre ngth of a sample 
of 74 spiral galaxies is 9 ± 3 /iG (Ni klasl 19951) . While the total 
equipartition field strength f or | r | ~ 20" to 110" is 6 ± 1 /iG, 
the averaged total magnetic field strength in NGC 4594 was es- 

. This value is below the one 



timated to be 4± 1 (Sect. 14.2.21 
of Niklas' sample and somewhat lower than the averaged total 
field strength of M 31 (type Sb) a nd M 33 (type Sc) (which is 
6 ± 2 /iG according to Beck (2000). The above relation expects 
the SFR in NGC 4594 to be a factor of about 10 lower than 
galaxies with an averaged total field strength of 9 fiG. With the 
field strength given for M 3 1 , the SFR in NGC 4594 is expected 



to be 30 % of the value for M 3 1 in accordance with the SFRs 
for both galaxies as estimated from their H Q emission (see last 
chapter). 

5. Summary 

We observed NGC 4594 in a wide wavelength range in radio 
continuum: with the VLA at A6.2 cm in its D-array, with the 
Effelsberg 100-m telescope at A3. 6 cm, both also in linear po- 
larization, and with the HHT at A870/im. At A6.2 cm we de- 
tected extended disk emission with a similar distribution along 
the major axis as at A20 cm bv lBaiaia et alJ {l988) and some 
extended spurs suggesting outflows. 

From the A6.2 cm total intensity we also determined the 
thickness of the galactic disk in NGC 4594. Least-square fits 
to the z-distribution show lowest \ 2 values for a single com- 
ponent Gaussian distribution different from other spiral galax- 
ies seen edge-on whose z-distribution can be best described 
by a two-component exponential function (wit h scale heights 
of 300pc and 1.8 kpc) JDumke & Krausdll998l) . The resultant 
scale height for the disk thickness in NGC 4594 is 1 .5kpc (35") 
within r = ±100" (4.3kpc). The Gaussian shape may be due 
to the huge bulge in NGC 4594 as it is expected for a relatively 
thin l ayer (the disk) inside a nearly spherical potential JCombesI 
Il99lh . 

For the first time, we detected extended linear polarization 
in the radio range in NGC 4594 with an average degree of po- 
larization of 15 ± 3% over the whole galaxy and local values as 
high as 20% to 30%. This is to our knowledge the first detec- 
tion of a large-scale magnetic field in an Sa galaxy in the radio 
range. 

The Faraday rotation could be determined between A6.2 cm 
and A3. 6 cm to be in the range of -200 < RM < 200rad/m 2 
with most values between —100 and 100 rad/m 2 . Correcting 
for Faraday rotation leads to the intrinsic magnetic field orien- 
tation which is parallel to the galactic disk in the midplane ex- 
cept in the innermost 50". There and generally at higher z-value 
above and below the disk the magnetic field has also significant 
vertical components. 

Under the assumption of equipartition the magnetic field 
strength in NGC 4594 was estimated to be 6 ± 1 /iG for | r | ~ 
20" to 110", whereas the averaged total magnetic field strength 
in NGC 4594 was estimated to be 4± 1 /iG (Sect. l4.2.2l . Hence, 
the magnetic field strengths in NGC 4594 are in the lower range 
of those of normal spiral galaxies. 

The polarized intensity is concentrated i n the radia l range 
betwe en the ILR an d OLR as estimated bv lEmselleml ll995) 
and lEmselle m et alJ 1119961) . In this radial range, the rotation 
velocity is as high as about 300 km/s and the rotation curve 
of the disk is only slightly increasing. The strong differential 
rotation there supports the action of a mean field dynamo that 
may be responsible for the observed uniform magnetic field in 
NGC 4594. 

At A870/im we detected the central source with a flux 
density of Ss70fim — 230 ± 35 mJy. We could not detect 
extended emission at this wavelength with our sensitivity of 
40 mJy/beam with 40" HPBW. However, we estimated an up- 
per limit of a possible dust emission between 100" < r < 
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200 arcsec (as expected e.g. by lEmsellerril i 19951) ') below our 
noise level to S^o^ < 0.2 Jy. 

A two-component fit of the dust spectr um (our upper lim it 
for Ss7o M together with the IRAS values of Youn getal] lfl989)) 
gives a lower limit for the temperature of the cold dust com- 
ponent of T < 22K. This temperature enables us to roughly 
estimate an upper limit for the cold dust mass in NGC 4594 
to 1.2 10 7 Mp whic h agrees with the cold dust mass claimed 
bv lEmsellemf Il995) in his model including light scattering by 
dust. 
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